Decapentaplegic Vg-related protein 6 (DVR-6 or bone morphogenetic protein BMP-6) is a member ofthe DVR subgroup of the trsformng growth factor 13 superfamily, a lre group of mult-functio signai-ng polypeptkles that are expressed as secreted dsldebonded dimers proteolytically cleaved from larger precursors. The predominant expression of DVR-6 in the differentiating pomtotic layers of stratified squamous epithelia strongly sugge a role for DVR-6 in regulation of epitheial differentiation. In primary mouse keratinocytes induced to dferentiate by s n culture in meth-
regulation of epitheial differentiation. In primary mouse keratinocytes induced to dferentiate by s n culture in methylcelulose, new expression of DVR-6 mRNA and protein was detected within 8 h among a majority of the suspended cells, which preceded the induction of expresion of the suprabasal keratins K1 and K10. To test the hypothesis that DVR-6 is a keratinocyte growth regulatory factor, a retroviral expression vector expressing human DVR-6 was used to infect attached cultures of u at basal cells. Expression of DVR-6 in primary mouse keratnots before differentiation resulted in the rion of prepro and procesed (pro region) forms in the conditioned medium and a dramatic inhibitio of cell growth.
These inn suggest that inhibition of cell growth by DVR-6 may be a prima step in keratinocyte differentiation.
In the normal epidermis, only keratinocytes in the basal layer undergo DNA synthesis and cell division. Terminal differentiation, characterized by the sequential expression of differentiation markers, is concomitant with upward movement of the keratinocytes into suprabasal layers. Withdrawal from the cell cycle occurs in the basal layer and appears to be necessary but not sufficient for commitment to terminal differentiation (1) (2) (3) . Many features of the differentiation program are retained by primary basal keratinocytes in culture; DNA synthesis and mitosis are observed only in an underlying layer of basal cells and cells terminally differentiate as they move upwards, forming several stratified layers before detaching into the culture medium (1) (2) (3) (4) (5) . Commitment to differentiation occurs in several steps; withdrawal from the cell cycle is insufficient to trigger differentiation but, as in vivo, is required before cells terminally differentiate (1) (2) (3) (4) (5) (6) (7) (8) .
The loss ofproliferation may be mediated by the production of growth inhibitors. Members of the transforming growth factor 3 (TGF-p) family are potent reversible growth inhibitors of keratinocytes and most epithelial cell types (9, 10) . Expression of decapentaplegic Vg-related protein 6 (DVR-6, also known as bone morphogenetic protein BMP-6) coincides with stratification and keratinization of embryonic epidermal tissues and, in newborn mice, is specifically expressed within the differentiating postmitotic component of epithelial tissues. In skin, the protein was detected in suprabasal but not in basal cells and, in adult animals, was found in differentiated corneal epithelial cells but not in the limbus, which is the mitotic stem-cell compartment for corneal epithelium (11) . These patterns of expression and the sequence homology to members of the TGF-.8 family suggest that DVR-6 may regulate growth and differentiation in epithelial tissues. To test this hypothesis, we first characterized the expression of DVR-6 mRNA and protein during the differentiation ofprimary mouse keratinocytes in vitro and then used a retroviral expression system to express DVR-6 in undifferentiated proliferating keratinocytes to examine its effect on growth.
MATERIALS AND METHODS
Cell Culture. Primary cultures of mouse keratinocytes were established from newborn ICR mice as described (12) . Cells were induced to differentiate by suspending cultures in semisolid medium (12) at 106 cells per ml and cultured in 15 x 100 mm polypropylene tubes (Fisher).
Northern Blot Analysis. Isolation of RNA and Northern blot analysis, using 10 ptg of total RNA per lane, was performed as described (13) ; cyclophilin mRNA was used for normalization between samples. Northern blots were successively hybridized to 32P-labeled antisense RNA probes for DVR-6 (11), keratin K1 (14) , and iB15 (cyclophilin).
Immunohistochemistry. For immunostaining, cells were recovered from semisolid medium and centrifuged onto Superfrost-Plus slides (Fisher) with a cytocentrifuge, air-dried 1-2 min, and rinsed briefly in Tris-buffered saline (25 mM Tris/2.5 nM KCl/150 mM NaCl, pH 8.0). Cells were fixed in 4:1 (vol/vol) methanol/dimethyl sulfoxide for 2 min at room temperature and immunohistochemical staining with an affinity-purified antibody directed against the pro region of DVR-6 was performed as described (11) (11, 16) . The 5' and 3' untranslated sequences were removed from the cDNA, as previous evidence had suggested that those sequences could mediate translational control of protein expression (11 
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virus were generated by the infection of f2 packaging cells with transiently produced virus generated after transfection of the amphotropic packaging cell line PA317 (16) with pLX(DVR-6)SN or pLXSN, respectively. Virus-producing clones were individually cloned after G418 selection. Hightiter clones were then selected by dot-blot screening of culture supernatant for recombinant virus and by direct titer of virus for G418 resistance on BALB 3T3 cells and were then evaluated by Southern and Northern blot analyses to ensure against any rearrangement ofvector sequence. Expression of DVR-6 protein in the producer cells was evaluated by Western blot analysis (see Fig. 3B ).
Coculture of target cells with retroviral producer cell lines has been demonstrated as the most efficient method of ensuring complete infection of target cells (17) . Keratinocytes were cocultured with *2LX(DVR-6)SN cells (DVR) or with qi2LXSN cells (LXSN). For coculture experiments, viral producer cells (DVR-6 or LXSN controls) were plated into 60-mm dishes at 20,000 cells per cm2 in Dulbecco's modified Eagle's medium supplemented with 8% (vol/vol) newborn calf serum. The next day, the plates were irradiated with 30 Gy in a Cs--cell irradiator and plates were rinsed twice with KBM (Clonetics, San Diego). Freshly isolated primary keratinocytes were then plated onto dishes at 12,000 cells per cm2 in supplemented KBM (13) containing Polybrene at 6 pyg/ml and incubated for 1 day. The medium was changed the next day and at 2-day intervals thereafter. On day 4, fibroblast producer cells were selectively removed from the dishes by EDTA treatment (18) . The cells were then incubated for an additional 4 days in supplemented KBM, fixed with methanol, and stained with a Giemsa stain.
Western Blot Analysis of DVR-6 Protein. To examine cell-associated DVR-6, cells were lysed in 50 mM NaCl/20 mM Tris Cl, pH 7.4/1 mM EDTA/0.5% Triton X-100/0.5% deoxycholate/0.5% SDS/2 mM phenylmethylsulfonyl fluoride/leupeptin (2.5 pg/ml)/aprotinin (10 pg/ml) and sonicated briefly to shear DNA (Tekmar microtip 630-0420). Cell lysates equalized for protein (25 Mug) were evaluated by Western blot analysis as described (12) using an affinitypurified antibody directed against the pro-peptide region of DVR-6 (11). DVR-6 in conditioned medium was first concentrated by binding to heparin-Sepharose CL6B (Pharmacia). Conditioned medium (1 ml) was incubated for 1 h at room temperature with 75 A4 of heparin-Sepharose equilibrated in TN (150 mM NaCl/25 mM Tris Cl, pH 7.4) and washed three times with TN. Bound proteins were eluted by heating for S min at 950C in SDS/PAGE sample buffer and analyzed on a Western blot as above.
RESULTS AND DISCUSSION
In primary cultures, a majority ofboth human (19) and mouse (13) keratinocytes can be induced to differentiate by suspension culture in semisolid medium. We observed a rapid induction in DVR-6 mRNA after suspension, which occurred simultaneously with the induction of mRNA for one of the earliest keratinocyte differentiation markers, the keratin K1 protein (Fig. 1) . Since previous work had demonstrated expression of DVR-6 protein in only a subset of tissues expressing DVR-6 mRNA, suggesting translational control of DVR-6 protein expression, we additionally examined the induction of DVR-6 protein during differentiation.
Basal keratin proteins (12) . Before suspension, expression of DVR-6 protein was detected in :5% ofthe cells ( Figs. 2A and  3 ). These cells could be either differentiated cells or cells committed to differentiation that were able to initially attach to dishes and were previously identified in cultures by their expression ofsuprabasal keratins (12) . Keratinocytes enlarge as they differentiate, and the expression of early differentiation markers is closely correlated with an increase in cell size (20, 21) . Consistent with this, before suspension immunostaining for DVR-6 was observed primarily in the largest cells. After suspension, the percentage of small DVR-6 positive cells was significantly increased by 4 h, and expression of DVR-6 was detected in a majority of the cells by 8 h (Figs. 2B and 3 ). Both suprabasal keratins and DVR-6 were eventually expressed in a similar percentage ofthe cells after suspension, suggesting that once cells express DVR-6, they are irreversibly committed to differentiation (Fig. 3) . The percentage ofcells expressing DVR-6 increased more rapidly than for suprabasal keratins, implying that the initial expression of DVR-6 could be important in mediating subsequent events in differentiation.
In attached cells in vitro, expression of differentiation markers coincides with stratification, which is promoted by increased concentrations of extracellular Ca2+ (22) . The expression of DVR-6 was examined in cells grown in low (0.05 mM; Fig. 2C ) and high (1.0 mM; Fig. 2D (Fig. 4B, expressing the LXSN virus) as a control. Growth of the primary keratinocytes was dramatically inhibited in cells cocultured with producer cells expressing DVR-6 virus (Fig.  5 ). Keratinocytes cocultured with qi2LXSN cells grew to confluence (Fig. 5 B and D) but, when cocultured with qi2LX(DVR-6)SN cells, formed only small abortive colonies ( Fig. 5 A and C) , providing strong evidence that DVR-6 functions as a growth inhibitor in keratinocytes. With extended culture times, these colonies in DVR-6-infected plates did not increase in size (data not shown), implying that continued expression of DVR-6 permanently inhibited, rather than slowed, growth of the cells.
In keratinocytes infected with the DVR-6 virus, a 62-to 64-kDa form of DVR-6, corresponding to the glycosylated full-length precursor protein was detected in cell lysates and in the conditioned medium by using a pro-region antibody (Fig. 6) . In analogy to the TGF-/3 family, activation of this prepro form of DVR-6 would occur upon cleavage into pro region and mature protein (24) . It was not possible to directly measure the production of mature DVR-6 protein since a specific antibody against the mature region is not yet available. However, detection of an =42-kDa form of DVR-6, corresponding to the pro region alone, in the medium and weak detection of 42-kDa DVR-6 in the cell lysate implied that prepro-DVR-6 was efficiently processed to mature protein. The lack ofany detectable secreted full-length DVR-6 or pro region in conditioned medium of cultures of q,2LX(DVR-6)SN cells (data not shown) suggests that growth inhibition resulted solely from the expression of DVR-6 in keratinocytes, rather than protein made by the producer cell lines. This is also supported by the observation that coculture of keratinocytes with BALB/c 3T3 fibroblasts infected with DVR-6 virus, which similarly did not secrete detectable DVR-6 protein, did not result in growth inhibition (data not shown). In agreement with previous data (11), our data also imply secretion and subsequent processing of DVR-6 are specific to certain cell types.
In summary, this report presents evidence of a functional role for in growth regulation of epithelial cells. In addition, we demonstrate that induction of DVR-6 mRNA and expression of DVR-6 protein occur as initial events during the differentiation of primary mouse keratinocytes in vitro. This evidence, the expression patterns of DVR-6, mRNA transcripts and DVR-6 proteins in vivo reported in previous studies, and the requirement for cell-cycle withdrawal as a prerequisite for keratinocyte differentiation strongly suggest that DVR-6 may serve as a regulatory factor for this process. In contrast to other TGF-P family molecules, which are often expressed in latent forms by cells (24) , our data imply that a substantial proportion of DVR-6 is pro- Recent studies support a model in which basal keratinocytes are committed to terminal differentiation through a sequence of events occurring in the basal layer (1) (2) (3) (4) (5) (6) (7) (8) 25) . Previous studies have demonstrated the reversibility ofTGF-(-induced growth arrest in keratinocytes (26) (7, 8, 12, 25) . In light of evidence that fibroblast growth factor has been shown to modulate integrin expression in endothelial cells (29) , an intriguing hypothesis to investigate is whether expression of DVR-6 may act to modulate the expression of integrin receptors in keratinocytes.
The expression of DVR-6 in suprabasal cells could have an additional regulatory function. During skin growth and regeneration, a large proportion of dividing basal cells may belong to a transit amplifying cell population (25) that would proliferate in response to autocrine production of positive growth factors such as TGF-a (30) . As these cells differentiate, production of an inhibitory factor such as DVR-6 by suprabasal cells would subsequently block the basal cells from proliferating. This would complete a regulatory loop by limiting the size of the amplifying basal cell population and eventually reduce the number of differentiating cells. Evidence that in papillomas the loss of TGF-,81 and TGF-P2 expression is associated with hyperproliferation of basal and suprabasal cells, respectively (31) , supports the premise that the expression of TGF-p superfamily members may be critical to proper regulation of keratinocyte growth.
Further investigations should be facilitated by production of purified protein and development of an antibody directed against the mature form of DVR-6 and identification and study of a receptor for DVR-6. Elucidating the mechanism of action of DVR-6 may greatly aid in understanding how the crucial balance between growth and differentiation is regulated in keratinocytes.
